The hippocampal formation (HF) is morphologically and functionally distinguishable into the subdivisions, such as the dentate gyrus (DG), subiculum, and Ammon's horn. The Ammon's horn is further divided into the CA (Cornu Ammonis)1, CA2, and CA3. The Reelin-Dab1 signal is essential for the morphogenesis of the mammalian brain. In the neocortex of Reelin-Dab1 signal mutants the laminar pattern of the neurons is disrupted along the radial axis. Morphological abnormalities in the HF of the Reelin-Dab1 mutants were known, but how these abnormalities appear during development had not been extensively studied. We examined the morphology of the well-developed Dab1 deficient HF by staining with a silver impregnation method in this report, and found that disruption of lamination in the CA1, CA3, and DG was different. Abnormalities observed in the development of Dab1 deficient CA1 were similar to those reported in the neocortical development, while Dab1 deficient CA3 neuronal progenitors radially spreaded beyond presumptive pyramidal layer. The intermediate progenitor cells ectopically located in the Dab1 deficient DG, but neurogenesis was normal in the CA1 and CA3. These observations suggest that the morphogenesis in these HF subdivisions employs different developmental mechanisms involving Dab1 function.
Introduction
The famous and most extensively studied case of a patient deficient for hippocampal formation (HF) function is HM, who lost the anterior two-thirds of the HF by bilateral surgery to cure his epilepsy (Corkin et al. 1997; Annese et al. 2014) . After the surgery, HM suffered from anterograde amnesia. In rats the pyramidal neurons of the HF exhibit firing specifically during the exploration of novel places and these cells store new information presumably contributing to spatial memory (O'Keefe & Dostrovsky 1971) . Consistent with the predicted function of the HF, knockout of the glutamate receptor in the mouse HF impaired spatial and temporal memory (Tsien et al. 1996; Huerta et al. 2000) . A vast number of studies using mice with HF deficiencies established that the HF is essential in memory formation and retrieval.
The neuronal structure of the HF is subdivided into the dentate gyrus (DG), Ammon's horn (AH) and subiculum. In the rodent brain, the DG and AH are Cshaped structures facing each other displaced. The subiculum is the transitional region from the AH to the lateral cortex. The AH consists of pyramidal neurons and is further subdivided into three regions, Cornu Ammonis (CA)1, CA2, and CA3. The CA3 borders to the DG blades (Amaral & Witter 1989) . The subgranular zone (SGZ) in the DG faces the hilar space and harbors neural stem and precursor cells. Each region exhibits lamination, with the alveus of the AH as the most outer ventricular layer, which contains myelinated fibers projecting from the HF to form the fimbria. The Stratum oriens lies between the alveus and Stratum pyramidale (pyramidal cell layer). The Stratum radiatum, Stratum lacunosum, and Stratum moleculare are oriented toward the hippocampal sulcus in the CA1, CA2 and the proximal part of the CA3. The DG is composed of the outer layer facing the meninges, which is called the molecular layer (or Stratum moleculare), the granular layer (Stratum granulosum), which contains densely layered granule cells and the hilus, into which the distal part of the CA3 penetrates.
These hippocampal subdivisions connect to each other to form the neuronal circuit involved in memory and learning. The entorhinal cortex connects to the DG through the perforant pathway, and the axons of the granule cells (DGCs), known as mossy fibers, terminate at the dendrites of the hippocampal pyramidal cells (HPCs) of the CA1 and CA3. Collaterals (Schaffer's collateral) from the CA3 also terminate at the dendrites of the CA1 HPCs. The HPC axons of CA1 and CA3 form the macro-anatomical bundle named fornix, which contains the neuronal fibers terminating at the septal nucleus and mammillary body. The DGCs and HPCs form the curved neuronal layers. The axons and dendrites of these cells extend basically into the striatum oriens, radiatum, lacunosum, and moleculare, in which the dendrites and axons of the neurons form specific synaptic connections, and make local neuronal circuits together with interneurons (Slomianka et al. 2011) . This highly laminated structure of the cerebral cortex including the HF allows neurons to ensemble in close proximity (Ko et al. 2011; Perin et al. 2013) . Neurons in the sublayers of the HF pyramidal layer are different in gene expression. Sox5 expressed in deep HPCs (Slomianka et al. 2011 ) is regulated by Zbtb20, which is expressed in superficial HPCs (Nielsen et al. 2014) . Also, some genes exhibit differential expression along the radial axis of the HP layer (Thompson et al. 2008; Dong et al. 2009 ). Thus, the laminar formation is important for normal function of the HF.
The Reelin-Dab1 pathway is required for the development of the normal brain morphology including that of the HF (Stanfield & Cowan 1979a) . Reelin is a large extracellular glycoprotein expressed by Cajal-Retzius cells during brain development (D'Arcangelo et al. 1995; Hirotsune et al. 1995) . When Reelin binds to its receptors, Vldlr and Apoer2, the cytoplasmic scaffold proteins, Dab1 is phosphorylated at multiple sites by Src family kinases, which allows the activation of downstream molecules, some of which are known to interact with cytoskeletal proteins (Assadi et al. 2003; Bock & Herz 2003; Ballif et al. 2004; Chen et al. 2004; Baba et al. 2006; Honda & Nakajima 2006; Hashimoto-Torii et al. 2008; Park & Curran 2008; Matsuki et al. 2010; Yano et al. 2010) . It has been reported previously that morphological brain abnormalities in reeler (Reelin deficient mutant), yotari (Dab1 deficient mutant), and Reelin/Dab1 double mutants were indistinguishable (Yamamoto et al. 2009 ), suggesting that Reelin and Dab1 proteins consist of a simple linear signaling pathway required for normal brain morphogenesis. Classical studies of histological HF abnormalities in reeler mutant mice by Stanfield & Cowan (1979a,b) reported that DGCs and HPCs exhibit positioning defects only in the radial dimension.
However, it is not discernable if the function of Reelin-Dab1 signaling is similarly involved in the development of these HF subdivisions, and also it is not known when and how this signaling pathway participates in HF morphogenesis. In this study, we carried out detailed observations of abnormalities in the Dab1 deficient mutant in the mature HF by Bodian staining, and developing HF by examination of expression of multiple transcription factor proteins. Our observations suggest that Dab1 is involved differently in the morphogenesis of these HF subdivisions.
Materials and methods

Animals
Construction of the floxed Dab1 transgenic mouse strain has been described previously in detail (Imai et al. 2017) . The homozygous floxed Dab1 (Dab1 floxed/floxed ) mice were crossed with Emx1-Cre transgenic mice (Iwasato et al. 2004 ) to obtain mice of the genotype Dab1 floxed/floxed ; Emx1-Cre. The deleted genomic sequence flanked by two LoxP sites in mice of this genotype is active from E10.5 (Iwasato et al. 2004) , and exhibit the typical reeler phenotype in the cerebral cortex including the HF (Imai et al. 2017) . The Dab1 floxed/floxed ; Emx1-Cre mice are normal in motor function and fertile. To obtain Dab1 knockout (KO) embryos and neonates, we crossed Dab1 floxed/floxed ; Emx1-Cre males and homozygous floxed Dab1 (Dab1 floxed/floxed ) females. The embryos and neonates were genotyped by PCR using the genomic DNA isolated from their tail, with a primer set (ACCTGATGGA-CATGTTCAGGGATCG and TCCGGTTATTCAACTTGC ACCATGC), that produces a 108 bp band indicating Exm1-Cre transgenic gene. In this report, we designated Dab1 floxed/floxed ; Emx1-Cre to Dab1 KO (or mutant), whereas homozygous floxed Dab1 without the Emx1-Cre transgene (Dab1 floxed/floxed ) to control specimens. In all observations in this study, Dab1 KO and control specimens of the same developmental stage were compared between littermates. The day of observation of the vaginal plug in the morning is termed embryonic day (E) 0.5, and the day of birth is referred to as postnatal day 0 (P0). Animals were specific pathogen free and housed under standard ª 2017 Japanese Society of Developmental Biologists conditions (12 h light/dark cycle), and all experimental procedures were carried out in accordance with the National Institute of Health guidelines for the care and use of laboratory animals, with approval of the Committee for Animal Experiments at Tohoku University School of Medicine. In each developmental stage and genotype, immunostainings by the same combinations of antibodies were performed using more than three brains by Blume, Sugiyama, and Katsuyama independently. For histological comparisons in each developmental stage, the Dab1 deficient (Dab1 floxed/floxed ; Emx1-Cre) and control (Dab1 floxed/floxed ) embryos or pups from the same mother were stained simultaneously and observed. Only the abnormalities consistently observed in these experiments were described in this paper.
Tissue preparation
Embryonic stage. Embryos at E14.5, E16.5, and E18.5 were dissected from the mothers, which were euthanized by cervical dislocation and chilled in cold PBS prior to transcardial perfusion with 4% paraformaldehyde (PFA) in 0.01M phosphate buffered saline (PBS). After removal from the skull, the embryonic brains were postfixed in 4% PFA in PBS at 4°C for 2 h, rinsed in PBS, and cryoprotected in 20% sucrose in PBS at 4°C. Brains were embedded in Optimum Cutting Temperature (O.C.T.) compounds (Sakura Finetek, Tokyo, Japan), frozen and stored at À80°C until use.
Postnatal stage. Postnatal mice at P0, P2, P5, P10, P20 were anesthetized with a lethal dose of pentobarbital sodium (0.1 mL, 200 mg/kg body weight), followed by transcardinal perfusion for 10 min with cold 4% PFA in PBS. Brains were dissected out of the skull, postfixed in 4% PFA in PBS at 4°C for 2 h, rinsed in PBS, and cryoprotected in 20% sucrose in PBS at 4°C. These brains were embedded in O.C.T. compound, frozen and stored at À80°C until use.
Silver impregnation staining
The brains of the mice perfused by 4% PFA in PBS at P20 were dissected and postfixed by 4% PFA in PBS overnight. The brains were cryoprotected in 20% sucrose in PBS for 3 days, frontally sectioned using freezing microtome (REM-700, Yamato Kohki Industrial) at 25 lm thickness, mounted onto MAS coated slide glasses (S9441, Matsunami), and dried overnight. The mounted sections were washed in distilled water (DW) for 10 min, once dehydrated by an ethanol series and delipidated by xylene, and then rehydrated by taking opposite process of the dehydration. After overnight incubation in 70% ethanol, the sections were incubated in 1% potassium dichromate solution for 1 h at room temperature, and washed by distilled water three times. Sections were incubated in 1% silver protein (Merck) for 24 h at 37°C with copper pieces in the staining pot made of glass. The pot was taken out from the incubator and cooled to room temperature, and washed by DW. The sections were incubated in 1% chlorauric acid for 1 h, washed by DW, incubated in 2% oxalic acid for 5 min, washed by DW, 5% Sodium thiosulfate for 5 min, and washed with DW. The silver stained sections were dehydrated by ethanol and xylene, and mounted by EUKITT and cover glasses. The sections were photographed using NanoZoomer (Hamamatsu Photonics).
Immunohistochemistry
Brains were sectioned at 16 lm thickness using a cryostat (CM3050, Leica), and mounted onto MAS coated slides (S9441, Matsunami), and stored at À20°C or directly proceeded to the staining procedure. The sections were washed three times in 0.3% Triton X-100 in PBS (PBST), and non-specific staining was blocked by treatment of the sections in 5% normal donkey serum, 0.3% Triton X-100 in PBS at room temperature for 1 h. The sections were incubated with primary antibodies overnight at 4°C, washed three times in PBST, and then incubated with secondary antibodies at room temperature for 1 h. After three times washing in PBST, the slides were coverslipped with Vectashield (#H-1000, Vector Burlingame, CA).
The specificity of the antibodies used in this study has been described in Sugiyama et al.(2014) . The antibodies used here are against Math2 (goat polyclonal; Santa Cruz, USA; 1:200), Prox1 (rabbit polyclonal; Covance, USA; 1:1000), Tbr2 (rat polyclonal; eBioscience, USA; 1:200), EphB1 (goat polyclonal; Santa Cruz, USA; 1:200), Ctip2 (rabbit polyclonal; Abcam, UK; 1:500), NeuroD (goat polyclonal; Santa Cruz, USA; 1:200), and Sox2 (goat polyclonal; R&D Systems, USA; 1:500).
The secondary antibodies used are donkey antimouse IgG Cy3 (Jackson Immunoresearch, USA; 1:400), donkey anti-goat IgG Cy3 (Jackson Immunoresearch, USA; 1:400), donkey anti-rabbit IgG Dylight 488 (Jackson Immunoresearch, USA; 1:400), or donkey anti-rat IgG Dylight 488 (Jackson Immunoresearch, USA; 1:400). The sections were counterstained by DAPI (Sigma; 1:1000) before coverslipping.
Image acquisition
Immunohistochemical images were acquired using Zeiss confocal LSM780 (laser scanning microscope) ª 2017 Japanese Society of Developmental Biologists with the 109 and 209 magnification objectives. Images were taken separately and combined using the stitching plug-in of the free software, Fiji, to obtain images of the entire HF. Modifications in brightness and contrast of the images were indistinguishable from parameter changes when using photoshop CS2 (Adobe, USA).
Results
Detailed observations of the Dab1 deficient HF morphology
Malformations of the HF in the Reelin-Dab1 signal deficient mutant mice had been reported in previous publications (Stanfield & Cowan 1979a; Terada et al. 1983; Ishida et al. 1994; Weiss et al. 2003; Patrylo & Willingham 2007; Muraoka et al., 2006; Li et al. 2009; Brunne et al. 2013) . However, detailed observations using silver impregnated histological preparations were not reported. Here, we observed histological sections of the Dab1 KO (Dab1 floxed/floxed ; Emx1-Cre) at 8 weeks after birth in comparison to the control (Dab1 floxed/floxed ) from the same litter. The sections were stained with the Bodian method (Bodian 1936) , which allows us to observe cell body and fibers of the neurons simultaneously and reproducibly.
Whereas the normal CA1 has a densely packed pyramidal cell layer (Fig. 1a) , neurons were dispersed in the Dab1 deficient CA1, forming an indefinite "double layer" (Ishida et al. 1994 ) of weak cell aggregation (Fig. 1b) . Fibers in the alveus were radially oriented and turned tangentially to be bundled to form the fimbria in normal (data not shown) and control ( Fig. 1c) CA1, though the fibers (indicated by arrowheads in Fig. 1d ) near the boundary between the HF and neocortex run tangentially forming separated bundles and are difficult to designate to the stratum oriens, because the pyramidal cells and these abnormal bundles were intermingled in the mutant (Fig. 1d) . Bundles of the fibers were observed even in the middle of the double layered structure of the Dab1 deficient CA1 (Fig. 1d ). In the control stratum radiatum and lacunosum, silver-impregnated fibers were sparse, whereas there were more visible fibers in the presumably corresponding layer of the Dab1 deficient CA1 (Fig. 1d ). These ectopically observed fibers are axons of malpositioned CA1 pyramidal cells or those projecting to the pyramidal cells from subhippocampal brain areas, such as the neocortex. Although the boundary between the stratum lacunosum and the stratum moleculare were not very clear (Fig. 1d ) unlike the control (Fig. 1c) , the layer rich in fiber may be corresponding to the stratum moleculare. Because the CA3 pyramidal cells lacking Dab1 were less dispersed than those in the CA1, the stratum oriens was identifiable (Fig. 1h ,j,l). However, significant numbers of CA3 pyramidal cells were dispersed far at the curvature (cells in the space between arrowheads in Fig. 1h ) and the height of the C-shape in this region flattened (Fig. 1b,  h ). The distance between the cell body of Dab1 deficient CA3 pyramidal neurons and the outer surface of the HF facing the neocorotex was longer than that of the control (Fig. 1i,j) . In the stratum radiatum of the CA3, the silver-impregnanted fiber was sparse in the Dab1 deficient specimen (Fig. 1j ,l) compared to the control counterpart (Fig. 1i,k) . In the distal region of the CA3, the stratum oriens (a layer between arrowheads in Fig. 1k ) was evidently observed just beneath the stratum pyramidale ( Fig. 1k ), whereas this fibrous layer was not observed in the Dab1 KO (Fig. 1l ). In the control HF, the distal part of the CA3 (sometimes called CA4) penetrates into the hilus. In the control, the pyramidal cells of the distal tip of the CA3 in the hilus were less densely aggregated compared to the rest of the AH and fibers running radially were well developed in the spaces between the cell bodies of the pyramidal cells, and also the granule cells of the upper and lower blades of the DG were densely packed (Fig. 1m ). In the Dab1 deficient HF, AH pyramidal cells and DG granule cells were completely indistinguishable by this staining method. The hilar space was not observed, and the direction of the fibers between cells was not discernible (Fig. 1n) . The DG granule cells were totally dispersed due to the lack of Dab1, and the C-shape of the DG was lost (Fig. 1p ). In the curving region of the Dab1 deficient ª 2017 Japanese Society of Developmental Biologists DG, cell density decreased closer to the meninges, but the stratum moleculare was preserved (Fig. 1p ). The observations described above indicate that deformities in each HF subdivision are different. Thus, we decided to examine when and how these abnormalities through Dab1 deficiency, unique to each subdivision, become visible, expecting to obtain insights into the function of Dab1 during HF development.
Onset of HF development is not affected by lack of Dab1
We previously described the expression of neurogenic transcription factors, Pax6, Sox2, Tbr2, and NeuroD during DG development, and Prox1, Math2, and Ctip2, which clearly distinguish the HF subdivisions not only in the fully-formed, but also in the developing HF (Sugiyama et al. 2013 (Sugiyama et al. , 2014 . Here, we performed immunohistological investigations of normal and Dab1 deficient HF development to obtain insights into the possible roles of Dab1. The first sign of HF development primarily appears as a transient embryonic structure called the dentate notch (Altman & Bayer 1990b) . EphB1 expression aids in distinguishing the boundary between the cortical hem and the hippocampal neuroepithelium from early embryonic stages, such as E12.5 (Tole & Grove 2001;  Fig. 2c,d ), when the morphological change appears. Expression of the DGC marker, Prox1 started to increase in the cells around the boundary (Sugiyama et al. 2014) . The distribution of Prox1 positive cells and Prox1 expression levels were not significantly different between the control and the Dab1 KO in E12.5 (Fig. 2b,e,g,j) . p73 marks differentiating CR cells of the cortical hem (Meyer et al. 2002; Cabrera-Socorro et al. 2007) , and it appeared normal in the Dab1 KO (Fig. 2j) , suggesting that CR cell production is not affected in Dab1 mutants.
At E14.5, Prox1 expression was enhanced in the DGC lineage exiting from the neuroepithelium (Fig. 3b) to form the dentate migratory stream (Altman & Bayer . In all pictures, medial is to the left, and dorsal is to the top. CH, cortical hem; DNE, dentate neuroepithelium; HNE, hippocampal neuroepithelium. A scale bar in j indicates 50 lm.
ª 2017 Japanese Society of Developmental Biologists 1990b). NeuroD expression appears dorsal to the cells with enhanced Prox1 expression (Fig. 3c ). Ctip2 and Math2 expression appeared complementary to that of NeuroD in the presumptive CA region (Fig. 3d,e) . The NeuroD expression indicates early differentiating cells of the pyramidal lineage (Sugiyama et al. 2014) . Math2 expression was observed in the CA region forming an expression gradient in a ventral-high and dorsal-low manner (Fig. 3e) . Significant difference in protein expression was not detected between control and Dab1 KO (Fig. 3f,g,h,j) , suggesting that Dab1 function is not required for HF development up to E14.5.
Dab1 deficiency affects the expression of cell type specific markers, but not the expression of neurogenic transcription factors
The presumptive stratum pyramidale (pyramidal cell layer), which is homologous to the cortical plate of the developing neocortex, is distinguishable from E15 (Stanfield & Cowan 1979a,b) . A Math2 positive cell-sparse curve of 2-3 cell width was present in the control HF at E16.5 (Fig. 4a,b) . Such a narrow cell-sparse zone in this region with Ctip2 expressing cells was less prominent, but exhibited an expression making a gradient along the radial axis higher in the differentiating pyramidal cell layer and lower in the neuroepithelium including the intermediate zone (Fig. 4a,c , and the box in a indicated by "p"). In Dab1 KO the cell-sparse zone indicated by Math2 expression was not observed (Fig. 4d,e) . Ctip2 expression, which denotes the presumptive CA1 region, did not clearly display a cell-sparse zone either in the Dab1 KO. Interestingly Ctip2 expression was weaker and the gradient was not apparent, and the cells expressing Ctip2 slightly higher were intermingled, especially in the distal CA1 region in the Dab1 KO (Fig. 4d,f) . Ctip2 expression declined toward the presumptive CA3 region in both control and Dab1 KO. Presumably this transient region corresponds to CA2. Math2 expression clearly indicated the differentiating pyramidal cell layer facing the future stratum radiatum in the CA1, whereas Ctip2 expression was higher in the middle of the intermediate zone, but was not evident in the differentiating pyramidal cell layer in the control CA2 (Fig. 4c ). Math2 expression was homogenous and the cells were dispersed into the area of the future strata radiatum, lacunosum, and moleculare in the CA2 of the Dab1 KO (Fig. 4e) . In Dab1 KO, Ctip2 expressing cells dispersed in the proximal CA1 region (Fig. 4f) , which was similar to that of Math2, whereas Ctip2 expression became weaker toward distal part of CA1 and presumptive CA2, and width of Ctip2 expressing zone along the radial axis of the developing AH became narrow (Fig. 4f) . The pyramidal cell layer in the proximal ª 2017 Japanese Society of Developmental Biologists CA3 region started to be designated in the control by strong Math2 expression in the cells facing the stratum radiatum (Fig. 4b) ; however, these cells were not observed in the Dab1 KO (Fig. 4e) . We previously described that Math2 expression forms a gradient along the radial axis of the embryonic CA3 (Sugiyama et al. 2014) , which was confirmed in this study (box "r" in Fig. 4a , of which enlarged image is shown in the bottom of Fig. 4) . This gradient was absent in the Dab1 KO CA3 at this stage (indicated by box "s" in Fig. 4d , and the enlarged image was also shown below).
The developing DG and CA3 region were shown in Figure 4g -n by expression of Prox1, NeuroD, and Ctip2. NeuroD expression is weaker in the CA1 region than in the CA3 and DG (tertiary germinal matrix (3ry GM)) regions (Sugiyama et al. 2014) . NeuroD expression was not significantly different between the control and Dab1 deficient HF at E16.5 (Fig. 4g,i,k,m) . The CA3 region, which is negative for Ctip2 expression, exhibited stronger NeuroD expression and was comparable between the control and Dab1 KO (Fig. 4i-n) . During neurogenesis, transition of expression of the transcription factors Sox2 over Tbr2 to NeuroD takes place (Hevner et al.2006) . Hence, we examined the expression of these neurogenic transcription factors (Fig. 5) . Sox2 marks neural stem cells, and Tbr2 designates intermediate progenitors (Hevner et al. 2006; Sugiyama et al. 2013 ). We could not find any significant differences in expression level and distribution of the cells expressing these molecules between control and Dab1 KO (Fig. 5c,d,g,h) . Thus, Dab1 is not involved in the regulation of the expression of neurogenic transcription factors during the embryonic period of the HF development.
We previously described the "complex migratory zone (CMZ)" in the presumptive CA3 region during the perinatal period (Sugiyama et al. 2014) . The dentate migratory stream, which presumably contains DGC precursors, runs along the meninges in the perinatal CA3 region (Altman & Bayer 1990b) , whereas formation of the CA3 pyramidal cell layer takes place above the CMZ (Sugiyama et al. 2014) . The CMZ is between these two zones composed of a mixture of the HPC and DGC lineages, and the two types of precursor are intermingled (Sugiyama et al. 2014) . Therefore, we wanted to know if the CMZ is affected by the lack of Dab1. We examined the expression of Sox2, Tbr2 and Prox1 at E18.5 in three serial sections, and significant differences were not observed between control and Dab1 KO in distribution of the cells expressing these transcription factors marking distinctive neurogenic stages of the DGC lineage (Fig. 6a-c,e-g ), showing that tangential migration of the cells of the DGC lineage in both the subpial zone (Li et al. 2009 ) and CMZ is not affected by the absence of Dab1. Normally, Math2 expression is enhanced as the pyramidal cell progenitors migrate radially to the CA3 pyramidal cell layer (Sugiyama et al. 2014 ; Fig. 6d ). However, upregulation of Math2 expression was not observed in the Dab1 KO CA3 (Fig. 6h) , Math2 expression remained low even in the zone presumptively forming pyramidal layer (Fig. 6h) . These observations suggest a possibility that radial migration accompanying Math2 upregulation (Sugiyama et al. 2014 ) is impaired by the loss of Dab1 function.
Mislocalization of the intermediate progenitors in the Dab1 deficient DG appears from the late embryonic stage
In the developing DG, Li et al. (2009) reported inward localization of Tbr2 positive cells was observed in the control, which did not occur in the mutant at P4. We (Fig. 7a,c,e,g ). Li et al. (2009) described a transient accumulation of neuronal progenitors in the entrance of the developing DG on the pial surface (or as we previously described this localization as "on the PCNA positive meninges" (Sugiyama et al. 2013; Fig. 7c ). This accumulation of Tbr2 positive cells was not observed in Dab1 KO at E18.5 (Fig. 7g) . The difference in the accumulation of Tbr2 positive cells at the proximal region of the developing DG between control and Dab1 KO was already observed from E16.5 (data not shown). Contradictory to the displacing of Tbr2 positive cells in the DG, no significant difference in spatial distribution and count of Tbr2 positive cells in CA1 (Fig. 7o,t) and CA3 (Fig. 7k,n) was observed between control and Dab1 KO at E18.5.
Aggregation of dentate granule cells does not allow CA3 pyramidal cells to enter into the hilus in the Dab1 deficient DG
Stanfield & Cowan (1979a,b) described their observations of the reeler HF abnormalities, and their histological images of Cresyl violet or Thionin stained preparations showed a continuous structure of the DG and AH composed of neurons. DGCs and HPCs were not distinguishable by their methods, thus it was not clear whether DGCs and HPCs are intermingled or not in the presumptive DG as we have shown in Figure 1b .
Utilizing antibodies specific to the lineages of DGCs (Prox1 and Ctip2) and HPCs (Math2), we examined the development of the boundary between the DG and the CA3 in the Dab1 KO in reference to the control specimens. Prox1 expression marks the DGC lineage from the onset of the HF development ( Fig. 2 ; Sugiyama et al. 2014) We compared Prox1 expression between Dab1 KO and control at E12.5 (Fig. 2b ,e,g,j) E14.5 (Fig. 3b,g ), E16.5 (Fig. 4h,l, Fig. 5b,f) , and E18.5 (Fig. 7a,b ,e,f), however there were no differences in Prox1 expression between the two genotypes. Cells weakly expressing Prox1 were detectable even at E18.5 in 1ry GM in both control and Dab1 KO, suggesting that DGCs are still produced from 1ry GM in this late embryonic stage (Fig. 7j,m) . Very few cells expressing Prox1 at low level were detectable in the CA1 region at this stage (Fig. 7o,t) . Probably they are interneurons, because Prox1 expression was reported in the interneurons in the cerebral cortex (Rubin & Kessaris 2013; Miyoshi et al. 2015; Touzot et al. 2016) . We examined abnormalities in the boundary region between the CA3 and the DG in Dab1 KO using molecular markers. Because expression of Math2, the HPC lineage marker, was weak in the distal region of ª 2017 Japanese Society of Developmental Biologists the CA3 until E16.5 (Sugiyama et al. 2014; Fig. 4b,e) it was difficult to determine the boundary. Math2 expression became evident in the cells at the distal tip of the CA3 at E18.5 in normally developing HF (Sugiyama et al. 2014) . When Math2 and Prox1 were simultaneously detected at E18.5, there was no space between Prox1 positive 3ry GM of the DG and the distal end of the CA3 pyramidal layer in control (Fig. 5g in Sugiyama et al. 2014) . Math2 expression was too weak in the Dab1 KO (Fig. 6h) to clearly designate distal tip of the developing CA3 (data not shown). Prox1 expression level in the developing DG was indistinguishable between the two genotypes (Fig. 7b,f) . Structural differences of the 3ry GM (or developing DG) between the two genotypes was not evident at E18.5. Ctip2 expression appears in the developing DG at E18.5 and then it gradually enhanced from the outer edge toward the hilus (Sugiyama et al. 2014) . In P2, Ctip2 expression became evident at the outer edge of the control 3ry GM (Fig. 8c) , whereas Ctip2 expression was homogenous and weak in the corresponding region in the Dab1 KO (Fig. 8f) . In Dab1 KO at this stage, Math2 positive cells could not enter the DG area except for the hilar mossy cells (Sugiyama et al. 2014) . Math2 positive cells spread toward the stratum moleculare along the circumference of the abnormal DGCs aggregate of the Dab1 KO (Fig. 8d,e) .
Densely packed structure of the pyramidal cell layer was apparent in the CA1 of the control specimen from P2, though some cells, which were weakly positive for Math2 expression, were still migrating on their way to join the pyramidal cell layer (Fig. 8a,b,c) . Math2/Ctip2 double positive cells in the CA1 of the Dab1 KO dispersed along the radial axis, and the "double layered structure" appeared from the distal end of the CA1, whereas in the CA1 proximal region cell sparse patches were observed at P2 (Fig. 8d) . Although Math2 expression was stronger in the CA1 during embryogenesis (Fig. 4b,e) , Math2 expression levels were enhanced in the CA3 and became stronger than that in the CA1 postnatally. This pattern of Math2 immunoreactivity was conserved in Dab1 KO, suggesting preservation of the boundary in the AH subdivisions, the CA1, CA2, and CA3. Although the curvature in the CA3 was disrupted in Dab1 KO, density of the immature pyramidal neurons in the CA3 was higher ª 2017 Japanese Society of Developmental Biologists than that in the CA1 (Fig. 8d,e) . In P5, the abnormal structure of the HF in Dab1 KO (Fig. 8g,i ,j,l) became similar to the adolescent brain structure as shown in Figure 1 . In the Dab1 KO, the double layered phenotype in the CA1 extended proximally (Fig. 8j) . Ctip2 expression in the DG became similar to that observed in the control DG (Fig. 8i,l) .
The distal end of the CA3 pyramidal layer marked by Math2 expression penetrated slightly into the hilar region and fanned in the control (Fig. 8a,b) . Some of the Math2 positive cells in the distal tip of the CA3 were dispersed in the hilus as development went on in the control at P5 (Fig. 8g,h ). While the rate of Math2 positive cells in the stratum moleculare increased, Math2 positive cells of the CA3 pyramidal neurons could not enter into the DG area in P5 Dab1 KO (Fig. 8j,k) , as already observed at P2, due to densely packed DGCs (Fig. 8j,l) .
Discussion
Effects of the Reelin-Dab1 signal deficiency on the morphology of the HF had been reported previously. However, some of these studies used only classical histological methods, such as Nissl, and Golgi staining, and others only examined specific stages during HF development. In this study, we extensively examined the HF development through the expression of molecular markers, which designate the neurogenic stages of the differentiating HF neurons and cell types of the distinct lineages. Our observations in this report provide some novel findings allowing us to obtain further insights into the function of this signaling pathway during HF development.
Abnormal morphology of Dab1 deficient HF visualized by silver impregnation
We investigated the abnormal morphology of the Dab1 deficient HF in detail by silver impregnation of histological preparations according to Bodian's protocol (Bodian 1936) . The images obtained by this protocol are more reproducible than other silver stainings, such as the Golgi and Bielshowsky protocols, and allowed us to observe neuronal fibers and cell bodies simultaneously. Old studies using the Golgi staining indicated ª 2017 Japanese Society of Developmental Biologists that the AH is composed of basically homogenous neurons, although neuronal morphology is slightly different between the neurons in the CA1 and the CA3 (Cajal, 1893 (Cajal, , 1911 Lorente de No, 1934) . The malpositioning of the cells composing the HF in our Dab1 KO mutant was consistent to the descriptions of previous studies (Stanfield & Cowan 1979a; Terada et al. 1983; Ishida et al. 1994; Weiss et al. 2003; Patrylo & Willingham 2007; Muraoka et al., 2006; Imai et al. 2017) . Although it was not always emphasized in previous studies, it is clear in our coronal sections that the Reelin-Dab1 signal deficient HF is smaller in height and width than the normal HF. In this Dab1 deficient small HF, the neurons are scattered. Probably, the disorganized fibers of malpositioned neurons contribute to HF shrinkage. In the normal AH, pyramidal neurons extend their neurites radially in a homogenous manner (Golgi 1886) . By Golgi staining, Stanfield & Cowan (1979a,b) showed that pyramidal neurons in the reeler CA1 vary in the direction and length of their neurites. In the CA1 region, the alveus was not histologically distinguishable in the Dab1 KO (Fig. 1d) , and thick neuronal fiber bundles were intermingled with mispositioned pyramidal neurons. Fine neurites in the stratum oriens and radiatum were not visible in the control brain, while bundled fibers were prominently observed in the Dab1 deficient HF. Thus, in the Dab1 deficient CA1, neurites of pyramidal neurons are incorporated into disorganized and non-radially directed bundles, which looked similar in gross appearance to the bundles in the normal alveus. The Dab1 deficient neocortex does not exhibit the molecular layer beneath the pia mater (ex. Katsuyama & Terashima 2009 ). The CA1 stratum oriens corresponds to the neocortical molecular layer, and neuronal fibers, which otherwise run in the molecular layer, might run in the cellular layer in the Dab1 deficient neocortex (data not shown). In fact, the thick bundles intermingled pyramidal neurons in the Dab1 deficient CA1 was also observed in the neocortex (K. Taki, in preparation).
The bundles of neuronal fibers were absent in the Dab1 deficient CA3. The visible fibers in the stratum radiatum of the CA3 were slightly sparse in Dab1 mutant, however the C-shaped pyramidal layer in both control and Dab1 KO was rich in fibers. This fiber dense area corresponds to the mossy fibers, suggesting that mossy fibers are connected normally in the Dab1 deficient DG and CA3, consistent to our previous study (Imai et al. 2017) . Compared to the CA1, the position of the pyramidal neurons in the CA3 was preserved, and mossy fibers were observed. Consistent to the descriptions of Stanfield & Cowan (1979a,b) , our observation suggests the direction of the neurites in the Dab1 deficient CA3 is relatively preserved, although the pyramidal layer was slightly loosened and broadened radially.
The hilus was not formed in the Dab1 deficient HF, and despite thorough examination, AH pyramidal neurons and DG granular neurons were not distinguishable by this staining method. Although Bodian staining did not provide information on the relationship between pyramidal neurons and granular neurons in the region corresponding to the hilus in the normal HF, molecular expression gave us detailed insight as discussed below.
We aimed to unravel the early differences between control (normal) and Dab1 deficient hippocampal development. The earliest stage, in which morphological abnormalities appear in Nissl stained specimens (Stanfield & Cowan 1979b ) is consistent to our observations in this study. The first sign of hippocampal development is the onset of Prox1 expression in the caudomedial neuroepithelium of the pallium at E11.5 striding over the boundary of the dentate neuroepithelium and cortical hem (Sugiyama et al. 2014) , which produces p73 positive Cajal-Retzius cells (Meyer et al. 2002; Cabrera-Socorro et al. 2007 ). We could not find any significant differences in Prox1 expression levels and distribution (Fig. 2) , suggesting that the onset of the HF development does not involve the Reelin-Dab1 signal despite an abundance of Reelin expressing cells in the HF primodium. At E14.5, Prox1 expression was enhanced in the DGC lineage and expression of Math2 and Ctip2 also commenced in the post-mitotic HPC lineage (Fig. 3) . Expression of these lineage specific markers was not significantly affected by Dab1 deficiency (Fig. 3g,j) . In the control presumptive CA1 region, an aggregation of cells to form the layer appeared at E16.5 (Fig. 4a,b) . This morphogenesis is homologous to the splitting of the preplate in the developing neocortex at E13.5 (Huang and D'Arcangelo, 2008) . The cell dense layer far from the ventricular zone is the cortical plate in the developing AH (Fig. 4a,b) . In the absence of Dab1 the segregation to form the cortical plate does not occur (Fig. 4d,e) . In addition to this morphological difference, we found molecular abnormalities in the Dab1 deficient HF. In the control E16.5 CA1, expression of Math2 and Ctip2 form a gradient with lower on the ventricular side and higher in the cortical plate (developing pyramidal layer). This gradient was less evident in the Dab1 deficient HF in connection with a slightly decreased expression of both Math2 and Ctip2 (the panels in the bottom of Fig. 4 ). In the CA3 region, Dab1 deficient immature HPC expressing NeuroD (Fig. 4m ) distributed widely than that in the control counterpart along the radial axis and did not display a clear gradient in Math2 expression (Fig. 4d box indicated as "s" ). Stanfield and ª 2017 Japanese Society of Developmental Biologists Cowan (1979b) reported the absence of the pyramidal layer around this embryonic stage. However, apparent abnormalities in radial fiber formation, visualized by Nestin, were not observed in the Dab1 deficient E16.5 CA1 and CA3 regions (data not shown). Thus, these suggest that the Reelin-Dab1 signal is primarily involved in the migratory activity of the immature neurons accompanied by regulation of expression of the transcription factors Math2 and Ctip2. Because Reelin expressing Cajal-Retzius cells are abundant in the presumptive hippocampal fissure during embryonic stages (Alc antara et al. 1998) , it is possible that Reelin plays a role in enhancing the expression of Math2 and Ctip2. We previously demonstrated the relationship between Math2 expression level and radial migration of the pyramidal precursors (Sugiyama et al. 2014) . Hence, through direct or indirect effects on radial migration Dab1 regulates Math2 expression in the densely packed pyramidal cell layer.
During AH development, abnormal expression of neurogenic transcription factors was not found in Dab1 KO in terms of both spatial distribution and intensity of immunoreactivity in this study. The ReelinDab1 signal affects molecular expression postmitotically as illustrated by disparate Math2 and Ctip2 expression, suggesting that dividing stem cells and intermediate progenitors during HPC neurogenesis are unaffected by a lack of Dab1. Because Math2 knockout mice exhibit normal HF morphology, function of Math2 may be compensated by other factors during HF development. In fact, expression of multiple bHLH transcription factors during HF development has been reported (Galichet et al. 2008; Kim et al. 2011; Bormuth et al. 2013) .
Lack of the Reelin-Dab1 signal causes a double layered structure in the CA1, whereas this abnormal morphology is not formed in the CA3. One possible molecular mechanism contributing to this areal difference within the AH is expression of Ctip2 in the CA1. In the neocortex, Ctip2 is expressed in the deep layers, including layers 5 and 6 (Arlotta et al. 2005) . Dekimoto et al. (2010) reported that neurons expressing deep layer markers are separated into upper and lower side in the reeler neocortex. ER81 is layer 5 marker in the neocortex and expressed in the CA1, but not in the CA3 in the HF (Dekimoto et al. 2010) . Possibly, function of the transcription factors expressed in the deep layer neurons of the neocortex cause "double layered structure" both in the neocortex and the CA1 of the HF when Reelin-Dab1 function is lost. Because Ctip2 regulates the expression of axonal guidance molecules, Unc5C and DCC during cortical development (Srivatsa et al. 2014) , it is possible that Ctip2 expression may explain the difference in axonal projection between CA1 and CA3. Although examination of Ctip2 function in the HF development had been reported (Simon et al. 2012) , the authors only focused on abnormal neurogenesis in the DG, and the axonal phenotype of Ctip2 mutants in the HF have not been reported yet.
Although expression of neurogenic transcription factors, Sox2, Tbr2, and NeuroD was not affected during AH development, Tbr2 expression was impacted in the 3ry GM by Dab1 deficiency. Li et al. (2009) already reported this for P5 in reeler. However, we found a difference in spatial distribution of Tbr2 positive cells between Dab1 KO and control from an embryonic stage (E18.5; Fig. 7c,g ). We discerned inward localization of Tbr2 positive intermediate progenitors in the control 3ry GM, whereas they were observed only near the pial surface of the 3ry GM of Dab1 mutant. The inwardly localized Tbr2 positive cells in the control were enriched above the presumptive lower blade in the presumptive hilus. Brunne et al. (2013) reported the development of the radial glial scaffold during perinatal periods of the developing DG and its disruption in Dab1 mutants. Because neuron-specific Dab1 KO can recapitulate the reeler phenotype of the DG (lack of hilar space) (Brunne et al. 2013) , abnormal distribution of the intermediate progenitors in Dab1 KO is attributed to radial migration activity of the precursor cells, but involvement of abnormal development of the radial glial fibers, which is the scaffold for the radially migrating neuronal precursors toward the subgranular zone, is not still excluded. Here, we explore an alternate possibility. Sox2/Pax6 positive neural stem cells are present in the dentate migratory stream (Sugiyama et al. 2013) . A fraction of these stem cells may undergo neurogenesis during migration and become Tbr2 positive and then transition to NeuroD positive. Thus, Tbr2 positive cells observed during DG development are midway to differentiated granule cells. Inwardly localized Tbr2 positive cells in the control DG might be produced from radially migrating neural stem cells toward the stem cell niche in the subgranular zone. In the Reelin-Dab1 signal deficient HF, only few stem cells can arrive at the subgranular zone (Brunne et al. 2013) , and the stem cell niche is poorly established (Sibbe et al. 2015) . The nature of Tbr2 positive cells requires further examination to determine the relevance of these possibilities. However, genetic tracing via a GFP tagged Tbr2 promoter construct (or other reporter molecules) is a challenge due to Tbr2 expression being transient in the course of neuron differentiation.
It has been suggested that the transition from embryonic radial fibers to postnatal radial fibers (secondary radial glia) is essential for normal DG ª 2017 Japanese Society of Developmental Biologists development, because only postnatal radial fibers in the DG are affected in reeler mutants (Brunne et al. 2013) . The expression patterns of transcription factor proteins examined in this study are consistent with previous histological studies illustrating the effects of Reelin-Dab1 signal deficiency during postnatal DG development (Stanfield & Cowan 1979b; Brunne et al. 2013) . The neuronal precursors and stem cells originate from the dentate notch and tangentially migrate in the subpial zone above the meninges to form the 3ry GM (Altman & Bayer 1990a,b; Li et al. 2009; Sugiyama et al. 2013) . Reelin-Dab1 signal is involved in the radial migration of DG forming cells after arrival at the 3ry GM. Lower expression of Ctip2 in the mutant DG at P2 suggests a delay in the increase of Ctip2 expression and DGC maturation, which is probably an indirect effect of the lack of Dab1, primarily causing abnormal radial migration of the DGC precursors.
By simultaneous immunodetection of Math2 and Ctip2 proteins, we could distinguish DGCs and HPCs in close proximity to each other. Stanfield and Cowan (1979b) indicated the localization of large neurons in their illustration of the mature normal and reeler DG, and our immunohistological observations suggest that those large neurons correspond to Math2 positive cells including CA3 pyramidal neurons and hilar mossy cells (Amaral 1978; Shapiro & Ribak 2005; Sugiyama et al. 2014) . Although mossy cells were observed in the disrupted hilus of the Dab1 KO, the majority of Math2 cells could not enter into the 3ry GM area. Dab1 is required for generation of the hilar space by regulating radial migration of DGC precursors, and this morphogenesis allows the distal end of the AH, which was the formerly called CA4 region, to enter the hilus. DGCs were able to form the dentate migratory stream (Altman & Bayer 1990a,b) above the meninges to generate the 3ry GM independent of Reelin-Dab1 function. In Dab1 KO, the 3ry GM is composed of densely packed DGCs preventing HPCs from entering this area. Instead of penetrating the 3ry DG, Math2 positive cells spread along the circumference of the condensed DGCs in the Dab1 KO HF. The Reelin-Dab1 signal is not necessary for the separation of these hippocampal subdivisions, but required for lamination of the Cshaped DG and formation of the hilus, which is the space allowing the distal tip of CA3 pyramidal cell layer to enter.
In conclusion, we found several novel abnormalities exerted by Dab1 deficiency during HF development. In the CA1 region, the developmental process affected by the lack of Dab1 is similar to that described in the neocortex. In both of these brain regions, the segregation of the preplate does not occur, which disrupts the cortical plate. This cell dispersion affects the direction of each neuron and causes ectopic bundles of neuronal fibers in the mutants of Reelin-Dab1 signal. In the CA3, immature HPC primarily start to migrate tangentially partially intermingling with DGC progenitors born in the overlapping region of the caudomedial neuroepithelium (Sugiyama et al. 2014) . Thus, radial migration of immature HPC during CA3 morphogenesis is less dominant compared to that in the CA1. In the distal part of the CA3 (previously known as regio inferior (Stanfield & Cowan 1979a,b) ) lack of Dab1 did not affect the spatial distribution of NeuroD positive cells at E16.5 (Fig. 4i,m) , but affected Math2 expression in the CMZ at E18.5 (Fig. 6) . Because splitting of the preplate was absent in the Dab1 deficient CA3, we suspect it delayed the prominent upregulation of Math2. In terms of Math2 expression, it is worthwhile to note that in the normal HF development Math2 expression is stronger in the more proximal region of the presumptive CA1 at E14.5 (Fig. 3e) and shifts distally in the CA1 region. At E16.5 strong Math2 expression extends into the presumptive CA3 region (Fig. 4b) , and Math2 expression in the CA3 become higher than that in the CA1 postnatally (Fig. 8) . This transition of the Math2 strongly expressing region along the AH from the proximal to the distal end is not apparent in the Dab1 deficient embryos. Possibly, this temporal expression pattern of Math2 is involved in the different effects between CA1 and CA3 exerted by the lack of Dab1. In the DG, layer formation is completely disrupted due to the lack of Dab1, suggesting that radial migration, a well-known function of Dab1, is essential for normal DG development after appearance of 3ry GM. Dab1 is also required for neural stem cells to settle in the subgranular zone. We uncovered effects of Dab1 deficiency in the DG progenitor cell migration in earlier stages than previously reported. Thus, Reelin-Dab1 signaling is involved in morphogenesis of the HF subdivisions in various ways, suggesting that this signaling pathway regulates morphogenesis of the CA1, CA3, and DG collaborating with different molecular mechanisms, which are illustrated by some extent by the distinctive molecular expression patterns between control and Dab1 mutant in this study.
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